(From the Department of Medicine, The University of Chicago, Chicago)
(Received for publication, May 27, 1955) Previous studies have shown that the bacteremias which occur in mice during the 2nd week following a moderate dose (600 or 450 r) of total body x-irradiation are caused by members of their normal enteric flora (1) . Of the enteric microorganisms, Pseudomonas a~uginosa was shown by serial blood cultures to be the most rapidly lethal once it had invaded the blood stream (2) . These observations pointed to the intestinal tract as the site of origin of postirmdiafion bacteremias. They also suggested that Ps. aeruginosa might be a particularly suitablemicroorganism for measuring changes in susceptibility to infection. These indications were substantiated by the observation that Pseudomonas introduced by stomach tube into the gastrointestinal tract of irradiated mice gave rise within a very few days to a high incidence of fatal bacteremlas if inoculation had been made on the 5th or l l t h day post irradiation (3) . In normal animals even larger numbers of the same strain of Pse~o-monas, inoculated by the same route, produced no ill effects.
This striking difference between normal and irradiated animals in their response to oral inoculation with P s e u J~ seemed to warrant a study of the fate of this microorganism after its introduction into the gastrointestinal tract. Mice were accordingly inoculated on the 5th day post irradiation (550 r) with approximately l0 T Ps. aeruginosa and killed at daily intervals thereafter to determine the numbers of this microorganism in the small and large intestine. It was found that these bacteria were much more likely to become implanted and to multiply in the intestine, particularly in the small intestine, of the irradiated than of the normal mouse. This observation has led to a series of additional experiments undertaken in an attempt to explain this effect of irradiation. 
Materials and Methods
M@e.--The mice were RAP 1 females, 10 weeks old, weighing 20 to 25 gin. Unless otherwise noted, they were housed in groups of 20 in metal cages measuring 15 x 9 x 7 inches. The floors of the cages were covered with wood shavings. Their feed, Rockland mouse pellets, waS available at all times, unless otherwise noted. Tap water was provided in sterilized water Strain of Pseudomonas aeruginosa.--The strain employed was one which had been used in earlier experiments (3) . Originally isolated from the heart's blood of an irradiated mouse, it was made resistant to streptomycin by subcultivation in broth containing increasing concentrations until it grew abundantly in broth containing 1 rag. per ml. of streptomycin. Its LD6o, as determined by intraperitoneal inoculation in normal mice, was approximately 5 X 10 8. Virulence was maintained at this level by frequent passage through normal mice. It was motile, fermented only dextrose, liqulfied gelatin, produced good hemolysis on blood agar and green pigment on nutrient agar.
DAYS AFTER INNOCULATION PERCENT
Preparation of tke Suspension Used for Inoculation.--Growth from an 18 hour culture on an agar plate was harvested in 5 ml. of sterile water, placed in a 25 ml. Erlenmeyer flask together with several glass beads, and gently agitated on an electric rotator for 20 minutes to insure complete dispersion of any clumps of bacteria. The suspension was then diluted to contain approximately 109 bacteria per ml. In each experiment the number of viable bacteria was checked by plate counts.
lnoculation.--O.1 or 0.5 ml. of the suspension was introduced into the stomach by means of a curved tube attached to a small tuberculin syringe. The tube was made by cutting off the point of an 18 gauge needle, 2 inches long, and protecting the end with a bead of silver. After sut~cient practice, it was possible to carry out this procedure with a minimum of trauma to the mouse. Any mouse which struggled enough to raise doubt about the position of the tube was discarded.
Daermina~ion of t~ Numbers of P$. acruginosa in lhe
Intestine.--Tha mice were killed by ether inhalation, the abdomen and chest opened aseptically, and heart's blood withdrawn for culture on blood agar and on nutrient agar containing 1 rag. streptomycin per ml. The large and small intestines were then removed and homogenized separately in 50 ml. of chilled streptomycin (1 mg./ml.) broth in a Waring blendor for exactly 30 seconds. 0.1 ml. samples of the homogenate and 10-fold serial dilutions thereof were pipetted in duplicate onto the surface of streptomycin agar plates and the inocula spread by glass beads. The original homogenate in streptomycin broth was incubated 24 hours and subcultured onto streptomycin agar (1 mg./ml, of agar). The plates were examined after 24 hours' incubation and those with countable numbers of colonies were kept another 24 hours at room temperature. They were counted at 48 hours when the characteristic colonial form and pigment had developed.
In a few mice, on the 2nd or 3rd days after inoculation, the heart's blood cultures contained Ps. cwmginosa. Since Ps~.domonas bacteremia was known to be rapidly fatal in the irradiated mouse (2), it was assumed that these animals would have died within 18 hours.
The results on such mice were, therefore, excluded from the data presented in Table I and Fig. 1 .
Mortality Conl~ols.--In each experiment about one-fourth (12 to 16) of the inoculated mice were set aside and not killed for culture of intestine. The total number accumulated in the mortality control group was 126. Between the 2nd and 6th day after inoculation (the 7th to l l t h day post irradiation) 45 per cent of them had died with Ps. c~mginosa bacteremia. The total mortality at this time was 70 per cent. By the 15th day, when they were discarded, the mortality due to Ps~udomona~ bacteremia had only increased by an additional 5 per cent, i.e. to 50 per cent, but the total mortality had risen to 90 per cent. These results confirmed those already reported (2) and showed that the test microorganism had not lost its ability to produce fatal bacteremia following oral inoculation into irradiated mice.
EXPEI~r~ENTAL
A standard suspension of the streptomycin-resistant strain of Ps~udomonas aeruginosa (approximately 10 ~ organisms) was introduced into the stomachs of irradiated and unirradiated control mice. On each of 3 days thereafter, one-third of the mice were killed and the numbers of Is. aeruginosa in the small and large intestines were determined. The irradiated mice had been exposed 5 days before inoculation to 550 r x-irradiation. The numbers of mice at the bottom of the columns in Table I represent the totals accumulated from many experiments.
Immediate Reduction in Inocul~.--in order to determine the numbers of Ps. aeruginosa which survived exposure to the digestive juices, irradiated and unirradiated control mice were killed and cultured as soon as possible after inoculation to determine the numbers of P s~ present in the intestine. The interval between inoculation and culture varied from 30 to 120 minutes. In both of two experiments with a total of 26 irradiated and 25 control mice, the results showed that only 12 per cent of the inoculated bacteria were recovered; i.e., 88 per cent of them had been destroyed during passage through the stomach and duodenum. There was no significant difference between irradiated and normal mice in the percentages of Pseudoraonas surviving. These mice, unlike those in the experiments recorded in Fig. 1 and Table I , had been fasted overnight in order to minimize the effect of digestion which otherwise might have been in progress.
Results in Mice Housed Individually on Wire Screens.--The initial experiments were made with mice housed in groups on wood shavings. Since mice are known to eat their feces, the possibility was considered that this practice might have resulted in reinoculation with Ps. aeruginosa already excreted. A series of experiments was therefore made in which mice were housed individuaUy in small cages on wire screens which denied them access to their feces. The results on a total of 36 irradiated and 36 control mice were identical with those obtained on mice housed in groups on shavings and have, therefore, been included in the data discussed below.
The numbers of Ps. aemginosa recovered from small and large intestine of irradiated and control mice are shown in Table I as proportional distribution of the Pseudomonas counts among the mice. The data are presented in this form in order to facilitate comparison, since the numbers of mice used on each of the 3 days were not equal. Higher counts were found in a larger percentage of irradiated mice than in the controls, particularly in the small intestine on the 2rid day after inoculation.
The difference between irradiated and control mice became even more striking when the comparison was based on the total Pseudomonas content of the whole intestine of each mouse. The percentage distribution of these totals is presented graphically in Fig. 1 . The base line on which they are plotted is 108 because smaller numbers of the test microorganism could not be accurately determined by the methods employed.
These results demonstrate clearly that Is. aeruginosa introduced directly into the stomach established itself in the intestinal tracts of irradiated mice (5 days after 550 r) much more readily than in unlrradiated controls. Or, to put it the other way around, the unirradiated mice were able to eliminate the test microorganism more rapidly from their intestinal tracts.
In one experiment (not included in the table and figure) in which mice were killed on the 6th day after inoculation, it was found that all 15 unlrradiated mice had completely eliminated Pseudomonas from the upper bowel and only one still retained a few in the lower bowel. On the other hand, 4 of 15 irradiated mice were found to have Pseudomonas in both upper and lower intestine, one in exceptionally large numbers.
As will be seen in Fig. 1 , the difference between irradiated and unirradiated mice was not absolute. That is, not every irradiated mouse retained the inoculated Ps. aeruginosa, nor did every unirradiated mouse eliminate it. Nevertheless, the difference between the two groups was quite striking. Indi-vidual variation within each group was to be expected in experiments of this sort.
Attempts were then made to explain the underlying mechanisms responsible for this effect of x-irradiation. A number of possibilities suggested themselves. The first to be explored was a change in the p H of the gastric and duodenal contents, despite the fact that the survival of the inoculated Pseudomon~ during the first few hours was found to be the same in irradiated and control mice.
When no significant difference in this respect could be found between irradiated and control mice, it was thought that the propulsive motility of the gastrointestinal tract might have been sufficiently reduced in the irradiated mice to have caused intestinal stasis, which, in turn, might have accounted for the retention of the test microorganism in the gut. It has been shown by other workers that irradiation disturbs the physiology of the gastrointestinal tract for a time. We were unable, however, to demonstrate by the methods described below any difference between irradiated (5 days after 550 r) and unirradiated control mice in the emptying time of the stomach or the propulsive motility of the intestine.
The possibility was then considered that irradiation might have resulted in the presence of some substance in the lumen of the gut which promoted the growth of Pseudomonas, or, conversely, that irradiation might have destroyed some growth-inhibiting factor normally present in the gut of the unirradiated mouse. No difference, however, was demonstrable in the ability of intestinal contents of irradiated and control mice to support or inhibit growth of Pseudomonas in vitro.
De~erraina~ions of pH of Gastric and Duodenal
Contents.--Immediately after sacrifice the stomach and duodenum were incised, and a very small electrode inserted into the lumen. The other electrode was placed against the outer wall and readings were made with a Beckman pH meter. Comparison of the pH determinations of gastric and duodenal contents showed no significant difference between normal and irradiated mice.
Propulsive Motility of the Gastrointestinal Tract of Irradiated and Control
Mice.--0.5 ml. of a 3 per cent suspension of carmine in a 10 per cent aqueous solution of gum acacia was introduced by tube into the stomachs of equal numbers of irradiated and normal mice. The irradiated mice had been exposed to 550 r, 1 to 6 days before the test.
Thirty minutes after the mouse had been injected with carmine, it was killed, the stomach removed, and the contents washed out in 4.5 ml. saline. The amount of carmine in the gastric washings was estimated colorimetrically by comparison with a set of standards containing known quantities of carmine. The small intestine was removed and measured for its length and the distance from pylorus to the proximal end of the most advanced bolus of carmine. Since the intestinal length varied considerably, the distance travelled by the carmine suspension was converted to per cent of length of each small intestine.
Comparison of the relative movements of the carmine in irradiated and control mice indicated that 24 hours after irradiation there was some reduction in propulsive motility but that by the 4th to 6th day post irradiation it had returned to normal.
The amount of carmine retained in the stomach the 1st day post irradiation was somewhat greater than in unirradiated controls, but on the 4th, 5th, and 6th days post irradiation the amount was less than in the controls.
Growth of Pseudomonas in Intestinal Contents in Vitro.--Mice were killed, the small intestine removed immediately, cut into segments and the content expressed by "r, ilki~g" them with forceps encased in rubber tubing. The collected contents were homogenized in 5 mL of broth in a TenBroeck homogenizer. Pools from a number of mice were divided into convenient aiiquots. These were inoculated with a known number of Ps. acruginosa, some with and some without the addition of streptomycin, others after Seitz filtration or centrifugation or heating to 100 ° for 20 minutes. Colony counts were made at 3, 6, 9, and 24 hour intervals. In none of these experiments was a consistent difference observed between materiai obtained from control mice and that obtained from mice irradiated with 550 r at different times (mostly 5 days) post irradiation.
DISCUSSION
The initial experiments described herein showed that Ps. aeruginosa introduced directly into the stomach was retained in the intestinal tract in greater numbers by many more irradiated mice (550 r, 5 days before inoculation) than control mice. The difference was most striking on the 3rd day after inoculation and indicated that the test microorganism had actually established itself in the intestines of many of the irradiated mice. The numbers of Pseudomonas lost by defecation were not determined. This effect of irradiation was not demonstrable in every irradiated mouse, a finding which is not inconsistent with other biological aspects of irradiation within the dose range used in these experiments; e.g., 30 day mortality, histopathological changes, increased susceptibility to experimental infection. In every experiment, however, there was a striking difference between irradiated mice as a group and the controls.
It has been well established that whole body exposure to x-irradiation within the dose range used reduces the mouse's resistance to generalized infection; i.e., its ability to restrain the multiplication and dissemination of bacteria which have gained entrance to the body (4). It seems evident from the experiments herein described that increased susceptibility to bacterial infection includes the lumen of the gut, a cavity commonly thought of as being outside the body.
This concept is not entirely correct because the mucosa of the gut is not impenetrable to leucocytes nor to bacteria. Moreover, the intestinal wall in some regions is richly supplied with lymphoid tissue which undergoes marked atrophy following irradiation. The migration of bacteria through the mucosa is discussed in the succeeding communication (5) . It seems doubtful that the phagocytic activity within the lumen or the wall of the normal gut could account for the reduction in the numbers of Pseudomonas considering the magnitude of the inocula.
The data presented, as already noted, include none on animals with Pseudo-
mottas bacteremia. In these there were exceptionally large numbers of Pse~do-monas in the intestine, particularly in the small intestine. The bacteremia was in all probability the result of the increased numbers of the test microorganism in the gut.
In an effort to explain the enhanced susceptibility of the gut to infection following irradiation, a number of possibilities were explored. None of them has provided a wholly satisfactory explanation. No difference was found between irradiated and control mice in the numbers of the inoculated microorgani.~m destroyed by the digestive juices within the first few hours after inoculation; nor was any difference demonstrable in the effect of intestinal contents on the multiplication of Pseadomonas in vitro.
Stasis has been excluded as the cause of the increased infectability of the gut. The emptying time of the stomach and the propulsive motility of the small intestine, as determined by the movement of carmine, was as rapid in irradiated (5 days after 550 r) as in unirradiated controls. This is in keeping with the observation of Conard who found the intestinal motility of the rat to have returned to normal by the 4th day after 800 r x-irradiation (6). He also found that the weight of the small intestine of the rat and mouse had returned to normal by the 3rd or 4th day after 700 to 750 r (7, 8) . Billings, Bennett, and Burlingame have reported that during the first few days post irradiation the rat has a lengthened gastric emptying time and a slowing of propulsive motility in the small intestine (9) .
One clue to a possible explanation of the results herein reported was found in some experiments on the effect of fasting on the susceptibility of the normal mouse's intestinal tract to the implantation of Ps. aentginosa. Unirradiated mice deprived of food for 24 hours before or after inoculation retained Psemtomonas in almost as great numbers as did irradiated mice which were allowed to eat. These experiments were interrupted before a significant number of observations had been accumulated, because arrangements had already been made to discontinue the use of RAP mice and to change to a breed considerably more resistant to x-irradiation. These preliminary results are of suflficient interest to warrant further investigation with the mice now in use in the light of Hale's studies (10) and the more recent work of Dubos (11, 12) on the effect of fasting on resistance to infection.
Pseudomonas aeruginosa introduced directly into the stomach established itself more regnlarly in the intestinal tract of irradiated mice than of unirradiated mice. The irradiated mice had been exposed to 550 r total body x-irradiation 5 days before inoculation.
This difference between irradiated and unlrradiated mice could not be explained by differences in pH of gastric or duodenal contents, propulsive motility of the intestinal tract, or the ability of the intestinal contents to support growth of Pseudomonas in vitro.
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